The possible association between the membrane-associated guanylate kinase with inverted domain structure-1 (MAGI1) and inflammation has been suggested, but the molecular mechanisms underlying this link, especially during atherogenesis, remain unclear. In endothelial cells (ECs) exposed to disturbed flow (d-flow), p90 ribosomal S6 kinase (p90RSK) bound to MAGI1, causing MAGI1-S741 phosphorylation and sentrin/SUMO-specific protease 2 T368 phosphorylation-mediated MAGI1-K931 deSUMOylation. MAGI1-S741 phosphorylation upregulated EC activation via activating Rap1. MAGI1-K931 deSUMOylation induced both nuclear translocation of p90RSK-MAGI1 and ATF-6-MAGI1 complexes, which accelerated EC activation and apoptosis, respectively. Microarray screening revealed key roles for MAGI1 in the endoplasmic reticulum (ER) stress response. In this context, MAGI1 associated with activating transcription factor 6 (ATF-6). MAGI1 expression was upregulated in ECs and macrophages found in atheroscleroticprone regions of mouse aortas as well as in the colonic epithelia and ECs of patients with inflammatory bowel disease. Further, reduced MAGI1 expression in Magi1 -/+ mice inhibited d-flow-induced atherogenesis. In sum, EC activation and ER stress-mediated apoptosis are regulated in concert by two different types of MAGI1 posttranslational modifications, elucidating attractive drug targets for chronic inflammatory disease, particularly atherosclerosis.
Introduction
Inflammation is an important part of the innate defense system, but this system also plays negative roles in many cases of human diseases. For example, endothelial cell (EC) activation plays a key role in the pathogenesis of atherosclerosis. Proatherogenic agonists, such as inflammatory cytokines and growth factors as well as disturbed flow (d-flow), cause EC activation. In particular, d-flow, which is known to occur in so-called atheroprone areas of large arteries, activates proinflammatory and apoptotic signaling in ECs, leading to EC dysfunction (1, 2) . A recent genome-wide association study of an independent cohort of patients with various diseases and healthy controls revealed a possible association between the membrane-associated guanylate kinase with inverted domain structure-1 (MAGI1) locus and the severity of several chronic inflammatory diseases, such as inflammatory bowel disease (IBD), psoriasis, and neuroticism (3) (4) (5) (6) . Concordantly, MAGI1 mRNA expression levels in small intestine mucosa are increased in patients with IBD (3). These observations suggest that MAGI1 may be involved in the mechanism of EC activation.
MAGI1 is a scaffold protein that contains 6 PSD95/DiscLarge/ZO-1 (PDZ) domains, a guanylate kinase domain, and 2 WW (rsp5) domains flanked by the first and second PDZ domains. MAGI1 is widely
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expressed across tissues with the exception of skeletal muscle (7) . MAGI1 associates with the tight and adherens junctions (8, 9) . Depletion of MAGI1 suppresses cell-cell contact-induced activation of Rap1, a member of the Ras-like small GTPase family. Rap1 activation, in turn, causes vinculin relocation to focal adhesions and VE-cadherin/β-catenin complexes. Thus, MAGI1 is crucial for VE-cadherin-mediated adherens junction maturation and cell-cell adhesion (9) . MAGI1 can also associate with a variety of molecules via its PDZ domains, such as phosphatase and tensin homolog deleted on chromosome 10, RapGEF2, and thyroid receptor-interacting protein-6 (8) (9) (10) , and plays a tumor-suppressive role by stabilizing tight junctions.
p90 ribosomal S6 kinase (p90RSK) is a ubiquitously expressed (https://www.nextprot.org/entry/NX_ Q15418/expression) serine/threonine kinase that functions downstream from the Raf/mitogen-activated protein kinase kinase/ERK1/2 signaling pathway (11) . However, we have also reported that p90RSK activation may occur independently of the ERK1/2 pathway (12) . Activation and nuclear translocation of p90RSK occur concomitantly with immediate early expression of genes, such as c-fos and Egr-1 (13, 14) . p90RSK is also involved in NF-κB activation by phosphorylating IκBα and transcription factors c-Fos, Nur77, and CREB (15) . Although ERK5 can be an upstream kinase that regulates p90RSK activity, as it does with ERK1/2 (16), we found that p90RSK directly phosphorylates ERK5-S496 and inhibits its transcriptional activity, resulting in EC activation and vascular reactivity (17) . Furthermore, we demonstrated a crucial role for p90RSK as a downregulator of the deSUMOylation function of sentrin/SUMO-specific protease 2 (SENP2) for p53 and ERK5 by promoting SENP2 nuclear export (18) . We showed that d-flow activates p90RSK and phosphorylates SENP2-T368 in the nucleus. Phosphorylated SENP2 is exported from the nucleus, increasing SUMOylation of nuclear proteins, including p53 and ERK5, that result in EC activation and apoptosis (18) .
The purpose of the present study was to determine the role of MAGI1 in the severity of chronic inflammatory diseases. We hypothesized that MAGI1 posttranslational modifications (PTMs) enhance inflammatory responses. We report herein that p90RSK associates with MAGI1 in ECs and executes 2 independently regulated PTMs of MAGI1: S741 phosphorylation and K931 deSUMOylation. MAGI1-S741 phosphorylation is vital for Rap1 activation. MAGI1-K931 deSUMOylation, on the other hand, is required for nuclear p90RSK translocation, as non-SUMOylated MAGI1 translocates to the nucleus and carries p90RSK with it. In the nucleus, p90RSK phosphorylates ERK5-S496 and SENP2-T368, consequently increasing cellular inflammation (17, 19, 20) . We observed that depletion of MAGI1 significantly inhibited d-flow-induced atherogenesis. Furthermore, our transcriptome analysis demonstrated downregulation of endoplasmic reticulum (ER) stress-related gene expression in ECs via reduction of Magi1 expression, which plays a crucial role in regulating p90RSK-mediated EC apoptosis. This is the first study to our knowledge that demonstrates the key role of the p90RSK-MAGI1 signaling module in the context of EC activation and apoptosis. Our results suggest that MAGI1 simultaneously regulates EC activation and ER stress-induced apoptosis, which are critical molecular events for atherogenesis, via MAGI1-S741 phosphorylation and MAGI1-K931 SUMOylation.
Results

MAGI1 expression is required for d-flow-induced EC activation. Lexicon Pharmaceuticals generated
Magi1-knockout (Magi1 -/-) mice via gene-trap insertion (Magi1 Gt(OST33326)Lex ). We confirmed the depletion of Magi1 in these mice by IB tissue lysates obtained from Magi1 -/-and nontransgenic littermate control (NLC) mice with an anti-MAGI1 antibody ( Figure 1A , middle). Body size and weight, development, life span, and organ structures at the gross anatomic level in the NLC and Magi1 +/-mice were indistinguishable (Supplemental Figure 1A ; supplemental material available online with this article; https:// doi.org/10.1172/jci.insight.125570DS1). First, to determine the role of MAGI1 in regulation of EC activation, we isolated mouse lung ECs (MLECs) from NLC and Magi1 -/-animals and exposed them to 2 inflammatory conditions: stimulation by TNF-α and overexpression of p90RSK. These conditions are known to activate NF-κB, a prototypical proinflammatory molecule, and to increase VCAM-1 expression in ECs (2, 21) . Treatment with TNF-α increased VCAM-1 expression in NLC MLECs but not in Magi1 -/-MLECs ( Figure 1A , top, and Figure 1B ). The NF-κB activation induced by TNF-α stimulation and p90RSK overexpression in NLC MLECs was abolished in Magi1 -/-MLECs ( Figure 1C) . Similarly, depletion of MAGI1 in human umbilical vein ECs (HUVECs; Figure 1 , D and E) and human colonic epithelial cells ( Figure 1F ) by treatment with siRNA markedly inhibited NF-κB activation by d-flow, TNF-α, and thrombin (Thb) (Figure 1 , E and F) as well as expression of VCAM-1, ICAM-1, and E selectin induced by d-flow ( Figure 1G and Supplemental Figure 1 , B and C).
Next, we investigated whether reduced MAGI1 expression affected the inflammatory state of ECs in vivo by measuring the expression level of inflammatory marker VCAM-1. We coimmunostained en face preparations of aortas obtained from NLC and Magi1 +/-mice with anti-VCAM-1 and -VE-cadherin, using the latter to mark ECs. For confocal imaging, we focused on 2 areas of the aortic arch: the lesser curvature, where ECs are exposed to d-flow, and the greater curvature, where ECs are exposed to laminar blood flow (l-flow) (15, 22) . Because these two areas are separated by a small distance (<1 mm), any difference in their intensity of staining is unlikely to be due to technical factors. We found that the intensity of anti-VCAM-1 staining was low in the l-flow area but high in the d-flow area in NLC mice as we reported previously (19) . In contrast, the intensity of anti-VCAM-1 staining was markedly decreased in both l-flow and d-flow areas in Magi1 +/-mice ( Figure 1H ). Taken together, these results suggest that MAGI1 plays a critical role in regulation of inflammation, especially in ECs.
Since blood pressure (BP) can change the EC phenotype indirectly, we measured BP of control and Magi1 +/-mice. Both groups were normotensive, eliminating a possible effect of BP on Magi1 +/-EC phenotype (Supplemental Figure 2A) . Furthermore, we found no difference in plasma IL-6 levels (Supplemental Figure 2B ) and circulating levels of various hematopoietic cells (Supplemental Table 1 ) between Magi1 +/-and control mice. Additionally, we explored the inflammatory response of peripheral blood mononuclear cells (PBMCs), bone marrow-derived macrophages (BMDMs), splenocytes, and vascular smooth muscle cells (VSMCs) isolated from Magi1 +/-and control mice. Increased IL-1β levels upon stimulation with TNF-α were the same between Magi1 +/-and control cells (Supplemental Figure 2C ). These data suggest that, in the context of atherosclerosis, the contribution of MAGI1 to inflammation is unique to ECs rather than other atherosclerosis-related cell types.
p90RSK associates with MAGI1 and upregulates EC activation. p90RSK and MAGI1 association has been suggested (23) , but the physiological role of this interaction is unknown. Therefore, we investigated whether MAGI1 plays a role in d-flow-induced p90RSK activation and found that, in Magi1 -/-MLECs, d-flowinduced p90RSK activation was unaffected (Supplemental Figure 3A) , indicating that MAGI1 is not an upstream regulator of p90RSK activation. Next, we examined the extent of MAGI1-p90RSK interaction under inflammatory conditions by coimmunoprecipitation and found that the association of p90RSK with MAGI1 was enhanced in ECs treated with d-flow or Thb (Figure 2, A and B) . The region of MAGI1 containing its WW2 and PDZ2 domains (amino acids 362-543) is suggested to be a p90RSK-binding site (23) . Thus, we transfected ECs with an adenoviral construct encoding for this region (an inhibitory fragment with WW2 and PDZ2 domains [IFWP]) or a control vector together with Flag-tagged WT p90RSK and MAGI1-WT. Next, we performed co-IP experiments using an anti-MAGI1 antibody and found that overexpression of Flag-tagged p90RSK was coimmunoprecipitated with MAGI1 ( Figure 2C ). In cells transfected with the IFWP construct, the interaction of p90RSK with MAGI1 was inhibited in a dose-dependent manner ( Figure 2 , D and E, and Supplemental Figure 3 , B and C). More importantly, IFWP inhibited d-flow-, Thb-, and TNF-α-induced NF-κB activation as well as adhesion molecule expression (Figure 2 , F and G). These results establish for the first time to our knowledge the crucial role of the association of p90RSK with MAGI1 in regulation of EC activation.
MAGI1-S741 phosphorylation by p90RSK leads to Rap1 activation and EC activation. To elucidate the mechanisms by which p90RSK activation regulates MAGI1 function, we analyzed the MAGI1 amino acid sequence for possible phosphorylation site(s) catalyzed by p90RSK. Using publicly available data sets for system-wide characterization of parallel quantitative proteomic and phosphoproteomic analyses (neXtProt; http://www.nextprot.org/db/entry/NX_Q96QZ7/proteomics) and the Group-based Prediction System software program (version 2.0) (24), we found 2 possible sites: S741 and S748. D-flow-and p90RSK overexpression-induced NF-κB activation observed in ECs transfected with MAGI1-WT was abolished in ECs expressing MAGI1-S741A but not in those expressing MAGI1-S748A ( Figure 3A and Supplemental Figure 3D ). To confirm that MAGI1-S741 is actually phosphorylated by p90RSK, we generated affinity-purified rabbit antibodies against MAGI1 with phosphorylated S741 and designed adenoviral vectors to overexpress Flag-MAGI1-WT or Flag-MAGI1-S741A in ECs (Ad-Flag-MAGI1-WT and Ad-Flag-MAGI1-S741A, respectively). Upon d-flow stimulation, MAGI1 was phosphorylated in cells overexpressing Ad-Flag-MAGI1-WT but not Ad-Flag-MAGI1-S741A, demonstrating the specificity of our antibody ( Figure 3B ). D-flow-induced S741 phosphorylation was downregulated in ECs expressing dominant-negative (DN; i.e., kinase-dead) p90RSK, indicating a functional role for p90RSK activation in MAGI1-S741 phosphorylation ( Figure 3C ). Furthermore, an in vitro kinase assay using -/-MECs treated with TNF-α (10 ng/ml) for 0-6 hours was determined by Western blotting. (B) VCAM-1 expression quantified by densitometry. Data represent mean ± SEM (n = 3). P < 0.0001 between NLC and Magi1 -/-groups. (C) MAGI1 depletion inhibits NF-κB activation. MECs were subjected to an NF-κB activity assay in the presence (right) or absence (left) of p90RSK overexpression. Cells were then treated with TNF-α for 24 hours (10 ng/ml, left), and their NF-κB activity was measured. Data represent mean ± SEM (n = 6). **P < 0.01. (D) MAGI1 expression is reduced in HUVECs treated with siRNA-targeted Magi1 (siMAGI1). siCont, control siRNA. (E) MAGI1 depletion inhibits NF-κB activation. HUVECs were transfected with the indicated siRNAs and then treated with or without d-flow (left), TNF-α (10 ng/ml, middle), or Thb (10 U/ml, right) for 24 hours, and their relative NF-κB luciferase activity was measured. Data represent mean ± SEM (n = 6). **P < 0.01. (F) MAGI1 depletion inhibits NF-κB activation in human colonic epithelial cells (HCnEpC). Cells were transfected recombinant p90RSK and immunoprecipitated MAGI1 showed that p90RSK can directly phosphorylate MAGI1 S741 ( Figure 3D ). Finally, expression of both d-flow-and Thb-induced VCAM-1, ICAM-1, and E selectin was markedly lower in MAGI1-S741A-transfected ECs than in MAGI1-WT-transfected ECs (Figure 3 , E-G). Taken together, p90RSK can directly phosphorylate MAGI1 S741, which is required for upregulation of EC activation.
A previous study reported the role of MAGI1 in regulation of Rap1 activity (9) . We applied d-flow to ECs transfected with a DN form of Rap1 (Rap1-N17) along with an NF-κB reporter gene and found that NF-κB activation was inhibited ( Figure 4A ). In addition, Rap1 activation was completely inhibited by transduction with adenoviral vectors containing DN (kinase-dead) p90RSK (Ad-DN-p90RSK) and MAGI1-S741A (Ad-MAGI1-S741A) ( Figure 4 , B-D). These results demonstrate a vital role for MAGI1-S741 phosphorylation in regulating Rap1 activation and subsequent EC activation.
D-flow and Thb induce MAGI1 deSUMOylation via p90RSK activation and accelerate EC activation. SUMOylation is a PTM akin to ubiquitination by which small ubiquitin-like proteins called SUMOs are enzymatically conjugated to target proteins (25) . We found that MAGI1 was constitutively SUMOylated in ECs and deSUMOylated by treatment with d-flow and Thb ( Figure 5A and Supplemental Figure 3E ). This deSUMOylation was significantly inhibited by a highly selective inhibitor of p90RSK, fluoromethyl ketone-methoxyethylamine (FMK-MEA) ( Figure 5 , A and B), and by transduction of Ad-DN-p90RSK (Supplemental Figure  3E ). FMK-MEA inhibited p90RSK but not c-Jun N-terminal kinase, ERK1/2, or p38 activity (Supplemental Figure 3F ), further demonstrating that FMK-MEA is a highly selective inhibitor of p90RSK (17) . SENP2 is a deSUMOylation enzyme localized predominantly in the nucleus, but with the ability to shuttle between the nucleus and cytoplasm (26) . We previously reported that activated p90RSK phosphorylates SENP2 at T368, facilitating nuclear SENP2 export (27) . As a consequence, the reduction of functional SENP2 in the nucleus leads to increased SUMOylation of nuclear proteins, such as ERK5 and p53 (18) . To determine whether MAGI1 deSUMOylation in ECs by inflammatory stimuli results from the nuclear export of SENP2, we induced overexpression of SENP2-T368A mutant, which cannot translocate to the cytoplasm (18) . Transduction of ECs with Ad-SENP2-T368A markedly inhibited d-flow-induced MAGI1 deSUMOylation ( Figure 5 , C and D). Of note, because WT SENP2 resides mainly in the nucleus, its overexpression does not alter basal MAGI1 SUMOylation, which is localized in the extranuclear compartment. However, upon d-flow stimulation, WT SENP2 translocates to the cytoplasm and deSUMOylates MAGI1. In contrast, because SENP2 T368A mutant is confined to the nucleus, MAGI1 is not deSUMOylated under d-flow (18) . These results demonstrate a crucial role for nuclear export of SENP2 in MAGI1 deSUMOylation.
Using the SUMOsp 2.0 prediction software program, we identified MAGI1-K931 as a possible SUMOylation site (28) . In the present study, we found that the MAGI1 SUMOylation level was markedly lower in MAGI1-K931R-transfected ECs than in MAGI1-WT-transfected ECs ( Figure 5E ). To account for possible nonspecific binding of antibodies to SUMO, we induced overexpression of histidine-tagged (His-tagged) SUMO3 with Flag-tagged SUMOylatable MAGI1-WT or a non-SUMOylatable MAGI1-K931R mutant and used nickel-nitrotriacetic acid resin to pull down His-tagged SUMO3. We observed that MAGI1 was pulled down from the lysate of cells overexpressing MAGI1-WT but not MAGI1-K931R ( Figure 5 , F and G). We also induced overexpression of Myc-SUMO3 with Flag-tagged MAGI1-WT in ECs and detected MAGI1 SUMOylation in this setting (Supplemental Figure 4A , left). Finally, we determined that endogenous MAGI1 was SUMOylated using two different antibodies (rabbit in Figure 5A and mouse anti-MAGI1 in Figure 5C and Supplemental Figure 4A , right) and confirmed that d-flow significantly inhibited MAGI1 SUMOylation. Based on the results obtained using 4 different approaches, we conclude with fair certainty that MAGI1 is SUMOylated in ECs. Furthermore, we found that TNF-α-and d-flow-induced NF-κB activation and adhesion molecule expression were enhanced in ECs transfected with the MAGI1-K931R mutant ( Figure 5 , H-J). Taken together, these results suggest an inhibitory effect with the indicated siRNAs and treated with or without Thb (10 U/ml for 24 hours), and their relative level of NF-κB luciferase activity was measured. Data represent mean ± SEM (n = 6). (G) MAGI1 depletion inhibits d-flow-induced expression of adhesion molecules. siRNA-treated ECs were exposed to d-flow, total RNA was obtained from the cells, and levels of VCAM-1, ICAM-1, and E selectin RNA expression were quantified using qRT-PCR. Data represent mean ± SEM (n = 3). *P < 0.05; **P < 0.01. (H) Reduced intensity of VCAM-1 staining in the d-flow region in the Magi1 +/-mouse group. En face preparations of mouse aortas were coimmunostained with anti-VE-cadherin and -VCAM-1 antibodies. Fluorescent images of anti-VCAM-1 staining in aorta areas exposed to l-flow and d-flow were recorded using confocal laser scanning microscopy (left). Scale bars: 20 μm. Data represent mean ± SEM (n = 3). **P < 0.01. Statistical differences between 2 independent groups (H) were assessed using the 2-tailed Student's t test and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (B, C, E, F, and G). were treated with Thb (10 U/ml, 24 h), and expression of ICAM-1 and E selectin RNA was quantified. Data represent mean ± SEM (n = 5-6). **P < 0.01. Statistical differences were assessed using the 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups.
of MAGI1 SUMOylation on EC activation.
To study the possible interplay between MAGI1 phosphorylation and deSUMOylation in ECs, we transduced ECs with Ad-MAGI1-K931R or -MAGI1-S741A mutants and examined the ensuing d-flowinduced MAGI1-S741 phosphorylation and MAGI1-K931 deSUMOylation. We found that overexpression of the MAGI1-K931R mutant did not affect MAGI1 phosphorylation and that MAGI1 deSUMOylation was not influenced by MAGI1-S741A mutant expression (Supplemental Figure 4 , B-E). These data suggest that d-flow independently induces these 2 PTMs.
DeSUMOylation of MAGI1 elicits nuclear translocation of both MAGI1 and p90RSK. MAGI1 deSUMOylation depends on nuclear export of SENP2, which is regulated by SENP2-T368 phosphorylation ( Figure 5, C and D) . In unstimulated ECs, MAGI1 is found in the cytoplasm and along the plasma membrane ( Figure 6A , white arrows), but a considerable level of nuclear localization was observed in cells stimulated by Thb ( Figure 6A , yellow arrows; Figure 6B ; and Supplemental Figure 5 ). Upon transduction of ECs with Ad-Flag-MAGI1-K931R, this SUMOylation-defective MAGI1 mutant was localized exclusively in the nucleus, even in the absence of inflammatory stimulation ( Figure 6 , B-D, and Supplemental Figure 5 ).
Given the importance of the p90RSK interaction with MAGI1 in the regulation of d-flow-induced EC activation (Figure 2) , we investigated the localization of endogenous p90RSK in ECs transduced with Ad-Flag-MAGI1-K931R or Ad-LacZ (control) via immunostaining. We found that p90RSK was generally excluded from the nuclei in control ECs but localized in the nuclei in MAGI1-K931R-transduced ECs ( Figure 6 , C-F). To determine whether MAGI1 regulates nuclear translocation of p90RSK, we treated ECs with MAGI1 siRNA, transduced them with Ad-Flag-p90RSK, and treated them with Thb. p90RSK and MAGI1 translocated from the cytosol to the nucleus after 30-60 minutes of Thb treatment ( Figure 6 , C-F). However, MAGI1 depletion inhibited nuclear translocation of p90RSK ( Figure 6 , E and F). These results suggest a role for MAGI1, especially its deSUMOylated form, in nuclear translocation of p90RSK. To determine the role of MAGI1 deSUMOylation in the regulation of p90RSK-mediated nuclear events, we investigated whether MAGI1 and its states of SUMOylation affected p90RSK-ERK5 binding, as we previously showed that nuclear p90RSK-ERK5 association causes EC activation (17) . Using a mammalian 2-hybrid assay, we found that p90RSK-ERK5 binding was greatly enhanced by overexpression of the deSUMOylated form of MAGI1 (MAGI1-K931R mutant) ( Figure 6G ). These results suggest that MAGI1 regulates nuclear p90RSK-mediated EC activation.
The role of MAGI1 in d-flow-induced atherosclerotic plaque formation and of increased MAGI1 expression in tissue samples from patients with chronic inflammatory diseases.
Our in vitro data demonstrate that MAGI1 plays an essential role in EC activation. To determine whether MAGI1 is involved in d-flow-induced atherosclerotic plaque formation, we used a left carotid artery (LCA) partial ligation mouse model in which all of the branching arteries of the LCA, except for the occipital artery, were ligated to create d-flow within the LCA. We generated this model using atheroprone mice with knockdown of LDL receptor expression ( Figure  1A and Supplemental Figure 6A ). Four weeks after ligation, intimal thickening (i.e., neointima formation) observed in NLC/Ldlr -/-mice was inhibited in Magi +/-/Ldlr -/-mice ( Figure 7 , A and B). We found accumulation of macrophages stained with Mac3 in the neointima of NLC/Ldlr -/-mice, a hallmark of vascular inflammation and atherosclerosis. However, macrophage infiltration was downregulated in Magi +/-/Ldlr -/-mice (Supplemental Figure 6B ). These results demonstrate a critical role for MAGI1 in d-flow-induced atherogenesis. Furthermore, we performed double staining for MAGI1 and Mac3 and found colocalization of anti-MAGI1 and anti-Mac3 staining (Pearson correlation coefficient, 0.68850 ± 0.02285, mean ± SEM) in atherosclerotic lesions of the LCA after partial carotid ligation (PCL) (Supplemental Figure 7 , A-D). We also found that anti-MAGI1 staining in the EC layer of the LCA after PCL was much stronger than that in control nonatherosclerotic RCA (Supplemental Figure 7, A-E). In contrast, we did not observe a significant increase in the intensity of MAGI1 staining of the medial layer of the LCA after PCL (Supplemental Figure 7F) . Taken together, these data suggest that MAGI1 expression is upregulated in macrophages and ECs in atherosclerotic lesions. We also performed PCL in NLC/Ldlr S741A (B, E-G) , and Ad-LacZ or Flag DN-p90RSK (C) were exposed to d-flow (B, C, E, and F) or Thb (10 U/ml, 24 h) (G), and phosphorylation of MAGI1-S741 (B and C) and expression of MAGI1, DN-p90RSK, VCAM-1, E selectin, and tubulin (B, C, E, and F) were assayed using IB. (D) In vitro phosphorylation of MAGI1 by p90RSK was performed, and MAGI1 was immunoprecipitated and immunoblotted with anti-phospho-MAGI1 (S741) (top). The same amount of MAGI1 was immunoprecipitated by anti-MAGI1, but not by non-immune IgG (bottom). The graph shows densitometric quantification of phosphorylated MAGI1-S741, which was normalized by total MAGI1 protein levels. Data represent mean ± SEM (n = 3). **P < 0.01. (F) Densitometric data for immunoblots of VCAM-1 (n = 4), which were similar to those shown in E. Data represent mean ± SEM. **P < 0.01. (G) Levels of VCAM-1, ICAM-1, and E selectin RNA expression were quantified. Data represent mean ± SEM (n = 4-6). **P < 0.01. Statistical differences between 2 independent groups (D) were assessed using the 2-tailed Student's t test and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (A, F, and G) . insight.jci.org https://doi.org/10.1172/jci.insight.125570
Next, we examined whether the level of MAGI1 expression correlates with blood flow patterns within the aortic arch. To that end, we coimmunostained en face preparations of aortas from control Magi1 +/+ mice fed normal chow (NC) with anti-MAGI1 and anti-VE-cadherin. We found considerably higher levels of MAGI1 expression in areas of ECs exposed to d-flow (atheroprone) compared with areas exposed to l-flow (atheroresistant) ( Figure 7C and Supplemental Figure 8) . Similarly, we detected markedly higher levels of MAGI1 expression in d-flow areas than in l-flow areas of Ldlr -/-mice fed a high-fat diet (HFD). However, we found no statistically significant differences in the level of MAGI1 expression in d-flow areas between NC-fed WT and HFD-fed Ldlr -/-mice ( Figure 7D ). Furthermore, we examined MAGI1-S741 phosphorylation in NC-fed WT mice and found considerably greater MAGI1-S741 phosphorylation in d-flow areas compared with l-flow areas ( Figure 7 , E and F). In addition, this phosphorylated form of MAGI1 was predominantly localized in the nucleus ( Figure 7F ). These data support our in vitro findings of d-flow directing MAGI1 to the nucleus and the crucial role of MAGI1 S741 phosphorylation in atherosclerotic plaque formation.
Because the genome-wide association study described previously suggested a possible correlation between the MAGI1 locus and the severity of chronic inflammatory diseases, we measured the level of MAGI1 expression in human inflamed colonic tissue samples (Supplemental Table 2 ) by performing triple staining with anti-MAGI1 (red), anti-CD31 (green), and DAPI (blue). As shown in Figure 7 , G and H, and Supplemental Figure 9 , we observed substantially higher levels of MAGI1 expression at the luminal surface of human colonic epithelial samples obtained from Crohn disease (CD) and ulcerative colitis (UC) patients than in samples obtained from normal controls. Interestingly, nondividing differentiated cells are located at the luminal surface of the human colonic epithelium (32) (33) (34) .
Next, we evaluated the colocalization of CD31 and MAGI1 signals in ECs by calculating the Pearson correlation coefficient at the sites of vessels in 6, 17, and 9 samples of colons obtained from non-IBD controls and CD and UC patients, respectively. We found markedly greater colocalization of MAGI1 with CD31 in CD samples (Pearson correlation coefficient, 0.4989 ± 0.0468, mean ± SEM) than in normal samples (0.1675 ± 0.06776, mean ± SEM). Of note, we did not detect a significant increase in MAGI1 and CD31 colocalization in UC samples ( Figure 7, G and I ). This may be due to fewer samples with intact vessel formation than in the CD group. These data suggest that endothelial MAGI1 expression contributes to the process of CD progression. Furthermore, we examined the role of MAGI1 in Thb-induced NF-κB activation in human colonic epithelial cells and found that depletion of MAGI1 inhibited Thb-induced NF-κB activation ( Figure 1F ). Taken together, these data suggest a crucial role for MAGI1 in regulating inflamma- The level of Rap1-GTP expression in ECs was measured using Rap1 pull-down assays (above the dotted line). The levels of total Rap1, DN-p90RSK, MAGI1, and tubulin expression were determined using IB (B, below the dotted line). Shown are representative blots from 3 independent experiments. (D) The Rap1-GTP expression level in C was quantified (n = 3). Data represent mean ± SEM. *P < 0.01. Statistical differences were assessed using 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups. . Data represent mean ± SEM. **P < 0.01. (H) ECs expressing pCMV-Flag-MAGI1-WT or -K931R or a control vector were subjected to an NF-κB activity assay with TNF-α treatment (10 ng/ml, 24 h). The relative NF-κB luciferase activity was measured and presented as the mean ± SEM (n = 6). **P < 0.01. (I) Bovine aortic ECs expressing pCMV-Flag-tagged MAGI1-WT or -K931R were exposed to d-flow for 12 hours, and the levels of E selectin, ICAM-1, and MAGI1 expression were determined. (J) The intensity of ICAM-1 expression relative to that of tubulin expression was quantified. Data represent mean ± SEM (n = 3). **P < 0.01; ***P < 0.001. Statistical differences between 2 independent groups (G) were assessed using the Student's t test (2-tailed) and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (B, D, H, and J). MAGI1 regulates ER stress signaling and apoptosis via formation of a complex with ATF6. To further understand the biological implications of MAGI1 expression in ECs, we transfected HUVECs with control or Magi1 siRNA, exposed them to d-flow, and isolated and transcriptionally profiled their total RNA (Supplemental Figure 10A ). We submitted a set of genes with significantly different expression levels in ECs (absolute fold change > 2; P < 0. ) (Supplemental Figure 10C) . Following IPA network generation, which is optimized for interconnectivity of differentially expressed genes under the constraint of a maximal network size, we carried out Fisher's exact test and Gene Set Enrichment Analysis (GSEA) to identify the biological functions expected to be affected by a given interaction network. Gene set function and disease enrichment of the top-ranked interaction networks based on the number of interconnected differentially expressed genes identified the gene set categories with the lowest P values as Cardiovascular Disease, Organism Injury and Abnormalities, and Reproductive System Disease (25 differentially expressed genes) ( Figure 8A and Supplemental Table 3 ). Our analysis of the Cardiovascular Disease network using IPA demonstrated that ER stress-related X-box binding protein 1 (XBP-1) is a hub molecule in this network and that MAGI1 depletion downregulates d-flow-induced expression of ER stress-related genes, including XBP1 and eukaryotic translation initiation factor 2 α kinase 3 (also known as pancreatic EIF2-α kinase), in ECs ( Figure 8A and Supplemental Table 3 ). We verified reduced expression of certain molecules shown in Figure 8A , such as XBP-1, spliced XBP-1 ( Figure 8B ), and TNFSF15 ( Figure  8C ), using quantitative reverse transcription-PCR (qRT-PCR). Because d-flow increases EC apoptosis by upregulating spliced XBP-1 expression and enhances atherosclerotic plaque formation (35), we examined EC apoptosis and found that d-flow-induced apoptosis was inhibited in Magi1 siRNA-treated ECs compared with that in control siRNA-treated ECs ( Figure 8D ).
To define how MAGI1 can regulate ER stress signaling, we sought to determine whether MAGI1 can associate with activating transcription factor 6 (ATF6), an upstream transcription factor for XBP-1. We found that both murine and human MAGI1 can associate with ATF6 using a mammalian 2-hybrid assay ( Figure 8E and Supplemental Figure 11A ). We also found that treatment with Thb increased the association of MAGI1 with ATF6 (especially the cleaved form of ATF6) using co-IP with an anti-Flag antibody (MAGI1) and IB with an anti-ATF6 antibody (Figure 8, F and G) . ATF6 cleaved by site 1 and 2 proteases is well known to be able to translocate from the ER and Golgi apparatus to the nucleus, bind to ER stress response elements, and upregulate XBP-1 expression (36) . Bands of ATF6 in HUVECs on Western blots were confirmed by depleting ATF6 expression with siRNA (full length, 75 kDa and 90 kDa, and cleaved form, 47 kDa) ( Supplemental Figure 11B) . Because depletion of MAGI1 inhibited d-flow-induced XBP-1 expression and d-flow-and Thb-induced MAGI1 and ATF6 interaction, we examined whether MAGI1 plays a crucial role in nuclear ATF6 translocation after Thb stimulation. As shown in Figure 9 , A and B, nuclear ATF6 translocation induced by Thb was significantly inhibited by MAGI1 siRNA. In addition, overexpressed MAGI1-K931R increased shuttling of ATF6 to the nucleus (Supplemental Figure 11C) . Of note, the anti-ATF6 antibody used in these experiments can recognize full-length and cleaved forms of ATF6. We observed nuclear ATF6 translocation within 1 hour after Thb stimulation without increased cleaved ATF6 expression, suggesting a crucial described in Methods. Data represent mean ± SEM (n = 3). **P < 0.01. Scale bars: 20 μm. (E and F) HUVECs treated with MAGI1 or control siRNA were transduced with Ad-Flag p90RSK and stimulated with Thb (1 h). Thb induced nuclear p90RSK localization, as indicated by immunostaining of cells with an anti-Flag antibody; p90RSK nuclear translocation was inhibited by MAGI1 siRNA (siMAGI1). (F) Quantification of the percentage of nuclear p90RSK localization, as described in Methods. Data represent mean ± SEM (n = 3). **P < 0.01. Adenoviral transduction: MOI, 20. siCont, control siRNA. (G) Results of a CheckMate Mammalian Two-Hybrid assay showing increased p90RSK-ERK5 binding in HUVECs expressing the MAGI1-K931R mutant. p90RSK-ERK5 binding was detected when p90RSK and the ERK5 fragment (amino acid 571-807 fragment) (17) were coexpressed (lanes 4 and 5), and the binding was enhanced by MAGI1-K931R overexpression (lane 6). Data represent mean ± SEM (n = 5-6). RLU, relative light units. **P < 0.01. Statistical differences between 2 independent groups (D) were assessed using the Student's t test (2-tailed) and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (B, F, and G) .
role for MAGI1 SUMOylation in regulating nuclear ATF6 translocation via a cleaved ATF6-independent mechanism. Next, to determine the role of ATF6 in p90RSK-MAGI1-induced EC apoptosis, we depleted ATF6 from ECs with siRNA and transduced the cells with Ad-MAGI1-WT, Ad-MAGI1-K931R mutant, Ad-WT-p90RSK, or Ad-LacZ (control) as indicated ( Figure 9 , C and D). Co-overexpression of WT-p90RSK with MAGI1-K931R resulted in considerably higher apoptosis than co-overexpression with MAGI1-WT. This effect was significantly inhibited by ATF6 knockdown, suggesting a crucial role for ATF6 in MAGI1 and MAGI1 SUMOylation-mediated apoptosis induced by p90RSK activation (Figure 9, C and D) . Taken together, these data propose a critical role for MAGI1 in nuclear ATF6 translocation via formation of a MAGI1-ATF6 complex that induces XBP-1 expression and apoptosis in ECs.
Discussion
In the present study, we showed that MAGI1 is essential for the regulation of endothelial activation. We made several potentially new findings: (a) a role for MAGI1 as a piggyback carrier of p90RSK and ATF6 from the cytosol to the nucleus, (b) p90RSK-mediated MAGI1 phosphorylation and deSUMOylation as crucial events that lead to EC activation, and (c) the introduction of the possibly novel concept that MAGI1, together with p90RSK, regulates EC activation and apoptosis via cytosolic Rap1 activation and promotion of the nuclear translocation of p90RSK and ATF6 ( Figure 9E ). Of note, deletion of MAGI1 in MLECs, HUVECs, and human colonic epithelial cells abolished not only d-flow-but also TNF-α-induced NF-κB activation and VCAM-1 expression (Figure 1 ). These findings suggest that MAGI1 is a major but unexplored molecule that regulates EC activation. We believe that the concept of MAGI1 PTM-elicited EC activation is novel and highlights the importance of intracellular localization-dependent events coordinately regulated by inflammatory inputs, such as d-flow, that cause EC activation and ER stress-induced apoptosis. Furthermore, our study revealed that MAGI1 expression was increased in the colonic epithelium and endothelium of human IBD samples as well as in ECs at d-flow areas of the aortic arch. Moreover, depletion of MAGI1 significantly inhibited d-flow-induced atherosclerotic plaque formation. Based on these findings, we propose that MAGI1 is an attractive drug target, especially by modifying MAGI1 PTM, for parallel control of EC activation and ER stress-induced apoptosis.
The association of EC activation with cardiovascular diseases is well established. At the basic science level, an understanding of the specific signaling events involved in the mechanism of EC activation is key to the development of therapeutic strategies against vascular disease. A recent study by our group demonstrated that p90RSK is activated by d-flow but not by l-flow (18) . This suggests that upon activation, p90RSK induces MAGI1-S741 phosphorylation in areas of d-flow, which in turn increases the severity of inflammatory responses to ECs located in those areas. Our data on the inhibition of d-flow-induced MAGI1 deSUMOylation by the SENP2-T368A mutant ( Figure 5 , C and D) also indicate possible involvement of p90RSK-mediated nuclear SENP2 export in cytoplasmic MAGI1 deSUMOylation, causing translocation of the p90RSK-MAGI1 complex to the nucleus. We found that overexpression of a p90RSK-MAGI1-binding inhibitory fragment abolished Thb-induced adhesion molecule expression ( Figure 2G ), suggesting an essential role for p90RSK-MAGI1 complex formation in regulation of d-flow-induced EC activation. Although the functional role of p90RSK in the nucleus is established, the exact mechanism of nuclear The intensity of the MAGI1 staining at the luminal surface in each sample was determined using ImageJ. Data represent mean ± SEM (n = 15-18/group). *P < 0.05. (I) Colocalization of CD31 and MAGI1 at the vessels in the samples was assessed using Pearson's correlation coefficient. CD31 staining structures were excluded when we could not clearly identify them as vessels. Data represent mean ± SEM (n = 6-17/group). **P < 0.01. Statistical differences between 2 independent groups (B and E) were assessed using the 2-tailed Student's t test and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (D, H, and I) . Table 3 . (B and C) Levels of spliced and total Xbp1 (B) and Tnfsf15 (C) mRNA expression were reduced in MAGI1 siRNA-treated (siMAGI1-treated) ECs under d-flow stimulation. Data represent mean ± SEM (n = 3). *P < 0.05; **P < 0.01. siCont, control siRNA. (D) d-flow-mediated EC apoptosis was inhibited by treatment with MAGI1 siRNA. Data represent mean ± SEM (n = 3-4). *P < 0.05; **P < 0.01. (E) MAGI1-ATF6 binding was assessed using a CheckMate Mammalian Two-Hybrid Assay. Human aortic endothelial cells (HAECs) were transfected with human pACT-MAGI1, pBIND-ATF6, and a luciferase reporter vector (PG5-Luc), and their luciferase activity was measured. Relative MAGI1-ATF6 binding data are presented as firefly/Renilla luciferase activity ratios. Data represent mean ± SEM (n = 12). RLU, relative light units. **P < 0.01. (F and G) HAECs transduced with Ad-Flag-MAGI1-WT were treated with Thb (10 U/ml) for 16 hours. MAGI1-ATF6 binding was measured via co-IP with anti-Flag followed by IB with anti-ATF6 and then anti-Flag to confirm that equal amounts of protein were pulled down. The rows below the dotted line in F show Flag-MAGI1 and ATF6 levels in the total cell lysates. These are representative figures from 6 different experiments. Quantification data are shown in G. *P < 0.05 (G). Data represent mean ± SEM (n = 6). Statistical differences between 2 independent groups (E) were assessed using the Student's t test (2-tailed) and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups (B, C, D, and G) . p90RSK translocation remains unclear. Our study proposes a possibly novel process in which p90RSK piggybacks with de-SUMOylated MAGI1 into the nucleus, eliciting inflammatory responses in ECs via SENP2-T368 phosphorylation and nuclear p90RSK-ERK5 association. Furthermore, we found that MAGI1-S741A inhibited d-flow-induced Rap1 and subsequent NF-κB activation in ECs. To the best of our knowledge, no other studies have focused on p90RSK-regulated PTMs of MAGI1 as unique proinflammatory events in ECs that lead to atherosclerotic plaque formation.
PTMs are dynamic processes that, among other roles, are involved in regulating substrate intracellular localization. Specifically, PTMs can promote rapid shuttling of substrates across the nuclear membrane. We, and others, reported on the crucial role of p53 SUMOylation in regulating the nuclear export of p53 by SENP2 (37, 43, 44) . Being a dynamic process, SUMOylation substrates exist in a cycle of SUMOylation and deSUMOylation, and, under certain conditions, one state may become favored over the other. For example, under d-flow stimulation, MAGI1 deSUMOylation is favored, which results in nuclear translocation of MAGI1. It is noteworthy that, although the modified amount of a specific substrate is low in stoichiometry, the biological consequence can be considerable. For example, phosphorylation of ERK1/2 causes it to translocate into the nucleus, resulting in cellular proliferation; however, the stoichiometry between phosphorylated and unphosphorylated ERK1/2 is low to moderate (37, 38) . Similarly, deSUMOylation-mediated MAGI1 nuclear translocation may exert a significant biochemical effect on the nucleus, even when the SUMOylated form of MAGI1 is predominant in the cell.
The crucial role of ER stress in d-flow-induced atherogenesis has been reported. For example, Civelek et al. (39) reported upregulation of expression of the ER stress-related signaling molecules, such as inositol-requiring transmembrane kinase/endonuclease 1, ATF6, and XBP-1, at d-flow areas of the swine aortic arch. In addition, Zeng et al. (35) reported that d-flow increased both full-length and spliced XBP-1 expression, leading to EC apoptosis by inhibiting VE-cadherin expression. In addition, overexpression of XBP-1 accelerated atherosclerotic plaque formation. In the present study, using microarray screening, we found that ER stress-related signaling can be a downstream target of MAGI1. Both full-length and spliced XBP-1 expression were increased by d-flow as reported previously (35) , and depletion of MAGI1 completely inhibited d-flow-induced XBP-1 and spliced XBP-1 expression and subsequent EC apoptosis. Of note, we found that MAGI1 can directly associate with ATF6, which is one of the ER-proximal unfolded-protein response transmembrane proteins, and regulates the nuclear translocation of ATF6. Overexpression of the MAGI1-K931R mutant increased nuclear ATF6 translocation (Supplemental Figure 11C ) and WT-p90RSK-mediated apoptosis, which was significantly inhibited by ATF6 siRNA transfection ( Figure 9D ). These data suggest a crucial and possibly unique role for MAGI1 in nuclear translocation of both p90RSK and ATF6 via a piggyback system and that nuclear p90RSK and ATF6 regulate EC activation and apoptosis, respectively.
In the present study, we found that MAGI1 is essential for NF-κB activation in ECs induced by various proinflammatory stimuli. While it remains unclear whether a single-nucleotide polymorphism or deletion close to the MAGI1 gene as previously reported (4, 5) can increase MAGI1 expression in humans, our study demonstrates that both PTMs and expression of MAGI1 have a significant effect on EC activation as well as atherosclerotic plaque formation. Further studies are necessary to determine whether the single-nucleotide polymorphism in the first intron of Magi1 or the intergenic deletion between the Adamts9 and Magi1 genes at the chromosome 3p14.1 locus can change MAGI1 expression or PTMs in ECs and/or epithelial cells.
There are several limitations of this study. Although we found increased MAGI1 expression in IBD histological samples and d-flow area, the molecular mechanisms for this remain unclear. In particular, it is intriguing that HFD did not increase MAGI1 expression compared with NC diet (Figure 7D ), suggesting that d-flow may elicit some unique signaling beside the inflammatory responses and increase MAGI1 expression, but further investigation is necessary. Furthermore, the potential role of MAGI1 in regulating permeability expression were detected using Western blotting, as indicated in C. Sixteen hours later, EC apoptosis was evaluated according to annexin V expression, as described in Methods. Data represent mean ± SEM (n = 6) **P < 0.01. (E) Schematic of the role of MAGI1 PTMs in regulation of EC activation. Proatherogenic stimuli activate p90RSK, independently increasing MAGI1-S741 phosphorylation and MAGI1-K931 deSUMOylation. MAGI1-S741 phosphorylation increases Rap1 activation in the cytosol, whereas MAGI1-K931 deSUMOylation induces nuclear cotranslocation of the p90RSK-or ATF6-MAGI1 complex and instigates nuclear events such as increased binding of nuclear p90RSK to ERK5, which inhibits the atheroprotective function of ERK5, and XBP-1 expression induced by nuclear ATF6 translocation. These events lead to EC activation and apoptosis and subsequent atherosclerotic plaque formation. X, disruption of MAGI1 SUMOylation. Statistical differences were assessed using 1-way ANOVA followed by Bonferroni's post hoc testing for multiple groups.
together with junctional adhesion molecule 4 (JAM4) has been suggested (40) , but how MAGI1 PTMs affect EC permeability is yet to be determined. Our current study showed the crucial role of MAGI1 PTMs in simultaneously regulating EC activation and ER stress-mediated apoptosis and poses MAGI1 as an attractive therapeutic target to inhibit atherosclerosis and subsequent adverse cardiovascular events. There were no additive effects of complete depletion (homozygous) or partial inhibition (heterozygous) of MAGI1 on d-flow-induced atherosclerotic plaque formation, probably due to increased EC permeability owed to complete MAGI1 deletion, because the increase of EC permeability may enhance the atherosclerosis formation (41) . We plan to investigate the role of MAGI1 and its PTMs in regulating EC permeability in future studies.
Methods
Additional details concerning the experimental procedures are included in the Supplemental Methods.
Mice. Mice were housed in a pathogen-free environment at the Texas A&M Institute of Biosciences and Technology. Magi1 -/-mice were generated by Lexicon Pharmaceuticals using gene-trap insertion (Magi1 (17) . To determine the functional role of MAGI1 in ECs, both Magi1 -/-and Magi1 +/-mice were used in in vitro studies (VCAM-1 expression), and similar tendencies of antiinflammatory effects were observed for the 2 genotypes.
Partial LCA ligation. In vivo studies of d-flow-induced atherosclerosis were performed using a partial LCA ligation mouse model in which the left internal and external carotid arteries were ligated using a 6-0 silk suture but the occipital artery was left intact. Four weeks after ligation, the LCA and RCA were harvested, fixed, embedded in paraffin, serially sectioned (5 μm), and stained with H&E, and the intima/media ratio in LCA was determined using ImageJ (NIH). The intimal area was calculated by subtracting the luminal area from the area circumscribed by the internal elastic lamina, whereas the medial area was the area between the internal and external elastic laminae (18) . Based on previous reports (42), a series of 10 cross sections (5 μm) every 200 μm over a 3.5-mm length of carotid artery beginning at the origin defined according to bifurcation morphology was analyzed (total 14 divisions from 1 carotid; total number of cross sections from 1 carotid was 140 cross sections). Two or three sections from one division were analyzed, and the mean area of intima and media for each of 14 divisions of LCA and RCA was calculated in every animal (43) .
Human colonic tissue samples and staining. Samples of human colons were retrospectively obtained from the Mayo Clinic. Specifically, biopsy samples were collected during routine endoscopy, and surgically resected samples were obtained from IBD and non-IBD patients. Control non-IBD samples were obtained from normal regions of bowel adjacent to resected colorectal tumors. Samples were fixed in buffered formalin, embedded in paraffin, and sectioned. Paraffin slides were baked for approximately 1 hour at 60°C, and then deparaffinized and rehydrated. Antigenicity was retrieved via HIER with 10 mM sodium citrate buffer, pH 6. Sections were then blocked overnight in 10% normal goat serum. Primary antibodies, MAGI1 at 1:100 (Abcam, ab37543) and CD31 (JC/70A) at 1:100 (Invitrogen, MA5-13188), or IgG control were applied and incubated overnight at 4°C. The following day secondary antibodies, AF546 goat-anti rabbit IgG (Invitrogen, A11029) at 1:1000, AF488 goat anti-mouse (Invitrogen, A11035) at 1:1000, and DAPI (Invitrogen, D1306) at 1:2000, were applied for 1 hour, and the sections then mounted with ProLong Gold (Invitrogen, P36934) prior to imaging. For each subject, 3 sections were stained, and the mean intensity of each staining was calculated. To compare MAGI1 expression levels in the samples, the area occupied by colonic crypts and stroma was identified based on DAPI staining and the faint autofluorescence of the tissue, and the average anti-MAGI1 staining intensity per unit area for each slide was measured using ImageJ (NIH) (44) . See Supplemental Table 5 for all antibodies used in this study.
qRT-PCR. Total RNA was obtained from ECs using RNeasy columns with DNA digestion (QIA-GEN, 74136) according to the manufacturer's instructions and reverse-transcribed first-strand cDNA by incubating in a 50-μl reaction mixture containing 1 μg purified RNA, 5 μl 10× buffer, 11 μl MgCl 2 , 10 μl dNTPs, 2.5 μl of a random hexamer, 1.25 μl oligo-dT, 1 μl of an RNase inhibitor, and 0.75 μl of a reverse transcriptase enzyme (TaqMan Reverse Transcription Reagents; made for Applied Biosystems by Roche Molecular Diagnostics, N808-0234) at 25°C for 10 minutes followed by 37°C for 60 minutes, 42°C for 60 minutes, and 95°C for 5 minutes before soaking at 4°C in a PCR cycler. In some cases, an iScript cDNA synthesis Kit (Bio-Rad) was used instead of TaqMan Reverse Transcription Reagents. Target cDNA levels were quantified using a CFX Connect Real-Time PCR Detection System (Bio-Rad). All reaction mixtures (10 μl each) contained cDNA synthesized from 20 ng total RNA, 5 μl iQ SYBR Green Supermix (Bio-Rad, 1708882), and 0.5 μmol/l each forward and reverse primers (Supplemental Table 4 ). RT-PCR was carried out initially at 95°C for 3 minutes, followed by 40 cycles of denaturation at 95°C for 10 seconds and annealing at 55°C for 30 seconds. RT-PCR analysis of total and spliced XBP-1 was performed initially at 95°C for 3 minutes, followed by 40 cycles of denaturation at 95°C for 10 seconds, annealing at 62°C for 15 seconds, and extension at 72°C for 30 seconds, as reported by van Schadewijk et al. (45) using primers designed to span the 26-bp intron removed by using inositol-requiring transmembrane kinase/endonuclease 1, as described by Hirota et al. (46) and van Schadewijk et al. (45) .
Fold changes in RNA expression were calculated using the ΔΔCt method (47) . The primer sequences are listed in Supplemental Table 4 .
D-flow studies. D-flow studies were performed using a cone-and-plate apparatus as we described previously (20) .
Gene expression profiling. Total RNA was obtained from ECs using RNeasy columns (QIAGEN) with DNA digestion according to the manufacturer's instructions and subsequently hybridized using a GeneChip Human Transcriptome Array 2.0 (Affymetrix). The array data were incorporated into the Transcriptome Analysis Console 3.0 (Affymetrix), and GeneChip data were normalized using Tukey's biweight average algorithm and represented as a biweight average on a log 2 scale. Significant differences between 2 groups were identified using unpaired ANOVA (P < 0.05) with log 2 -transformed normalized intensities, and transcripts with greater than 2-fold differences in expression and P values of less than 0.05 were selected for each comparison analyzed. Data were analyzed using IPA (application build 377306M [2016-03-16] and content version 27216297 [2016-03-16]; QIAGEN). Fisher's exact test enrichment scoring and predicted activity states determined by using Z-score calculations based on correlated gene expression changes with literature-substantiated gene effects were used to identify statistically significant and activated states of canonical pathways, biological functions and disease, and predicted upstream transcriptional regulators (http://pages.ingenuity.com/rs/ingenuity/images/0812%20downstream_effects_analy-sis_whitepaper.pdf). IPA interaction networks were based on gene or molecule connectivity with other genes and molecules in the analyzed data set (48) . All molecular interactions and relationships of molecules with functions or diseases were based on curated findings in the literature stored in the Ingenuity Knowledge Base (QIAGEN).
Data availability. The microarray data and MAGI1 sequence were deposited in the NCBI's Gene Expression Omnibus database (accession GSE95066) and GenBank (accession KY651081), respectively. All other data supporting the findings of this study are available within the article or its supplemental materials.
Statistics. Statistical differences between 2 independent groups were assessed using the 2-tailed Student's t test and 1-way ANOVA followed by Bonferroni's post hoc testing for multiple group comparisons using Prism software (GraphPad Software). The differential expression in gene sets was assessed using right-tailed Fisher's exact test and Gene Set Enrichment Analysis (GSEA). P values less than 0.05 were considered statistically significant. 
